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INTRODUCTION 
D i f f u s e  re f l ec tance  i n f r a r e d  Four ie r  t rans form (DRIFT) spectroscopy 
has become a very i n fo rma t i ve  method o f  eva lua t ing  t h e  chemistry and 
s t r u c t u r e  o f  coals, chars, and r e l a t e d  ma te r ia l s  C1,2,31. I n f r a r e d  
spectroscopy has long been recognized a5 an i n f o r m a t i v e  means o f  
studying the  chemistry and physics o f  Coal5 C4,53. Recent advances 
i n  instrumentat ion,  computer assistance, and techniques have apprecia- 
b l y  enhanced the  amount and c a l i b e r  o f  t h e  spectra and the  s c i e n t i f i c  

' importance o f  t h e  conclusionsC6,7>. The enhanced s e n s i t i v i t y  o f  these 
new instruments has pe rm i t ted  renewed i n t e r e s t  i n  nondest ruc t ive  spec- 
t roscop ic  s tud ies  by d i f f u s e  r e f l e c t a n c e  i n f r a r e d  spectroscopyC8,9). 

EXPERIMENTAL 
The spectrometer, c e l l ,  and techniques f o r  measuring t h e  d i f f u s e  r e -  
f l ec tance  spectra o f  s o l i d  samples over a wide range o f  temperatures 
-and pressures have been descr ibed p rev ious l y  C 1 , 2 , 1 0 , 1 1 > .  A p o r t i o n  o f  
t h i s  study i s  devoted t o  extending our c a p a b i l i t i e s  t o  be able t o  
study unperturbed s o l i d  surfaces o f  r a t h e r  l a r g e  p ieces  o f  coal  and 
t o  d i r e c t l y  monitor changes wrought i n  s imulated chemical and phys ica l  
processing. Grinding of coa ls  i s  known t o  a l t e r  t h e  chemical and 
phys ica l  s t r u c t u r e  o f  Coal5 and al though DRIFT s tud ies  r e q u i r e  much 
l e s s  s t r i n g e n t  t reatment€9> the re  i s  most assuredly some m o d i f i c a t i o n  
due t o  the  energy d i s s i p a t i o n  accompanying percuss ive  grindingC123. 
The coal sample f o r  t h i s  study was a " run  o f  the  mine" a l i q u o t  taken 
from the  -3/+4 mesh se ive  f rac t i on ,  sealed i n  a g lass  b o t t l e  and 
s to red  f o r  approximately two months, f r e e  from thermal e f f e c t s  
(d ry ing)  and ex tens ive  ox ida t i on  (weathering) which a re  known t o  
markedly a l t e r  t he  morpholgy and chemistry o f  bo th  t h e  organic and the  
inorgan ic  (minera l )  cons t i t uen ts  i n  coalsC13>. Th is  sample was 
provided by the  Tennessee Va l l ey  A u t h o r i t y  from t h e  Paradise 
(Kentucky) Mine and i s  genera l l y  ranked as High V o l a t i l e  C-Bituminous 
a5 representa t ive  o f  t he  feed stock f o r  t he  f l u i d i z e d  bed combustion 
f a c i  1 i ty .  

RESULTS AND DISSCUSION 
T y p i c a l l y  t he  cleaved surfaces ( p a r a l l e l  t o  the  bedding plane) vary i n  
appearance due t o  t h e  heterogeneous d i s t r i b u t i o n  o f  t h e  macerals i n  
the  s t ruc tu re .  The v a r i a t i o n  i n  r e f l e c t i o n  o f  v i s i b l e  l i g h t  al lowed LIS 

t o  focus on g lossy  or d u l l  areas o f  t he  sur face  o f  t h e  p iece  o f  coal  
and t o  note the  v a r i a t i o n  i n  DRIFT response over d is tances  grea ter  
than our beam s i z e  (ca. 2mm w i t h  our 6X condensing o p t i c s ) .  F igure  1 
show5 the  v a r i a t i o n  i n  DRIFT s igna l .  Spectrum A was taken w i th  the  
i n c i d e n t  beam f l o o d i n g  a v i s i b l y  homogenous reg ion  o f  h igh  r e f l e c t i v -  
i t y  and we no te  t h a t  t he re  i s  appreciable specular r e f l e c t i o n  i n  the  
i n f r a r e d  w i t h  l i t t l e  or no spec t ra l  f ea tu res  i n d i c a t i v e  o f  d i f f u s e  
r e f l e c t i o n .  The negat.ive fea tures  (500 and 1100 cm-1) a re  undoubtedly 
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due t o  anomolous despersion o r  r e s t s t r a h l e n  effectsC14,15) which are 
regarded a5 de t r imenta l  t o  DRIFT analyses and a l low us t o  deduce some 
in fo rma t ion  concerning t h e  phys ica l  s t a t e  ( conso l i da t i on )  o f  the  coal 
s t r u c t u r e  i n  t h i s  reg ion .  I n  marked con t ras t  we no te  appreciable 
d i f f e rence  when sampling and d u l l  area o f  t he  same p iece  of coal .  The 
DRIFT spectrum, spectrum E, i s  s t i l l  of very poor q u a l i t y  due t o  the 
consol idated na ture  o f  t h e  substrate.  Very good DRIFT spec t ra  can be 
obtained a f t e r  gen t le  abrasion o f  t he  sur face  w i t h  f i n e  g r i t  "Emory 
Paper" and removal o f  t h e  dis lodged mate r ia l  as  shown i n  Spectrum C of 
F igure  1. Th is  m i l d  abrasion forms a sur face  which i s  rough enough t o  
r e f l e c t  and absorb electromagnet ic r a d i a t i o n  much as a f i n e  powder. 
This spec t ra l  response i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  o f  powders o f  
s i m i l a r  rank, given t h a t  t h e  q u a n t i t a t i v e  na ture  v a r i e s  due t o  
chemistry and s t r u c t u r e  o f  i n d i v i d u a l  a l i quo ts .  These spec t ra  i n  tu rn  
c o r r e l a t e  q u i t e  w e l l  w i t h  t h e i r  counterpar ts  obtained i n  the  t rans-  
mission made a f t e r  encapsulsat ion i n  K B r  or some other  support medium. 

Figure 2 serves t o  show t h a t  one can use t h e  DRIFT technique t o  
monitor chemical and phys i ca l  changes o f  a g iven sample o f  coal  very 
wel l .  Spectrum D shows t h e  DRIFT response of t h e  same area o f  t he  same 
sample i n  vacuum a t  400 C a f t e r  exposure t o  oxygen gas a t  400 C long 
enough t o  a t t a i n  t h e  steady s t a t e  cond i t i ons  deduced by sensing no 
f u r t h e r  change i n  spec t ra l  f ea tu res  ( i n t e n s i t i e s ,  band shapes and 
i n t e n s t i e s )  w i t h  t ime. V i sua l  observat ion a l l ows  one t o  semiquanti ta- 
t i v e l y  deduce some o f  t h e  re levan t  steps associated w i t h  ox ida t ion .  
Within the  depth o f  DRIFT response the  aromatic ( e )  and a l i p h a t i c  
(f ,g,h) hydrogen content i s  e s s e n t i a l l y  depleted and t h e r e  i s  a marked 
increase i n  carbonyl  con ten t  ranging from aldehydes/ketones ( k )  t o  the 
more oxygen r i c h  ac id  anhydr ides (i, j ) .  These oxygen i n s e r t i o n  pre- 
c u r ~ o r s  t o  gaseous carbon d i o x i d e  g i v e  r i s e  t o  spec t ra l  i n t e n s i t i e s  
which a c t u a l l y  exceed t h a t  o f  t he  omnipresent polynuclear aromatic (1) 
and methylenelether (m,n,o) c ross l i nks .  A l l  o f  t h i s  i s  noted t o  have 
l i t t l e  e f f e c t  on the  oxy-hydrogen phenol ic,  a l c o h o l i c  and ac id  e n t i t i e s  
t h a t  a re  present i n  va r ious  s t a t e s  o f  hydrogen bonding and g ives  r i s e  
t o  the broad absorp t ion  f e a t u r e  (3600 t o  2000 cm-1). A very r i c h  and 
e n t i c i n g  po tpour r i  o f  p o t e n t i a l l y  va luab le  i n fo rma t ion  t o  say t h e  
1 east. 
One can no te  t h e  l i m i t e d  pene t ra t i on  i nvo l ved  i n  DRIFT s tud ies  and 
a l s o  note t h a t  t h e  oxygen a t tack  i nvo l ves  a l aye r  o f  mate r ia l  near 
t h e  surface. Reabrasion o f  t h e  same area o f  t he  same sample g ives  
r i s e  t o  DRIFT spectrum E of  F igu re  2 where we no te  t h e  reve rs ion  t o  
t h e  spec t ra l  s t a t e  so c l a s s i c a l l y  c h a r a c t e r i s t i c  o f  t h e  o r i g i n a l  coal. 
The hydrocarbon bands (e,f,g,h) a re  again prominent and the  carbonyl 
bands ( i , j , k )  a re  g r e a t l y  diminished i n d i c a t i n g  t h a t  t he re  probably 
ex is ted  a g rad ien t  o f  oxygen dens i t y  which " t a i l e d "  beyond the  approx- 
imately 50 micrometers removed i n  the  second abrasion. A l l  o f  t he  
spec t ra l  fea tures  of E a r e  somewhat enhanced w i t h  respect t o  C due t o  
an increase i n  DRIFT e f f i c i e n c y  brought about by a more enhanced 
roughness and/or a mod i f ied  r e f r a c t i v e  index due t o  l o s s  of i n f r a r e d  
i n a c t i v e  g r a p h i t i c  carbon du r ing  t h e  combustion phase o f  t h i s  study. 
Fu ture  s tud ies  w i t h  t h i n n e r  sec t i on ing  w i l l  a l l ow  us t o  ob ta in  f u r t h e r  
d e t a i l s  from a d e t a i l e d  and q u a n t i t i t i v e  ana lys i s  o f  t he  chemical and 
s t u c t u r a l  p r o f i l e  o f  t h e  steady s t a t e  oxygen i n s e r t i o n / d i f f u s i o n  
process. 
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To t h i s  end we have ins t , iga ted  a program t o  q u a n t i t a t i v e l y  analyze our 
DRIFT spectra. The problem i s  complex s ince  v i r t u a l l y  every band over- 
l aps  one or more adjacent bands. There i s  c u r r e n t l y  a s t rong  i n t e r -  
na t i ona l  move t o  q u a n t i t a t i v e l y  analyze i n f r a r e d  spec t ra  i n  general 
.:16.17,18,19> and coal  spec t ra  i n  par t i cu la rC6,7> us ing  soph is t i ca ted  
and r e a d i l y  a v a i l a b l e  computersC203. F igu re  3 i s  our ana lys i s  o f  t h e  
data o f  DRIFT spectrum E, using t h e  second d e r i v a t i v e  t o  ra t t l e r  ac- 
c u r a t e l y  assess t h e  frequencies o f  t he  i n d i v i d u a l  c o n t r i b u t i n g  absorp- 
t i o n  bands i n  terms of t he  r e s u l t a n t  i n f l e c t i o n  p o i n t s  i n  the  sum-  
mation composite. The r e s u l t s  compare favorab ly  w i th  those o f  Fa in te r  
e t .  a l .  C7>. There has been a renewed i n t e r e s t  i n  "resol i . i t ion enhance- 
ment" of spectra by deconvolutionC21> techniques now t h a t  f a s t  Four ie r  
t ransforms are a v a i l a b l e  and t h e  requ i red  a lgor i thms have been 
developed. G r i f f i t h s  et.al.C9> have been ab le  t o  accura te ly  p o s i t i o n  

O u r  r e s u l t s  are g i v e  i n  F igure  4 f o r  t h e  hydrocarbon reg ion  o f  DRIFT 
spectrum E shown wit,h the  Four ie r  sel f -deconvolut ion.  Comparison o f  
F igures  3 and 4 merely p o i n t  ou t  t h e  c lose  r e l a t i o n s h i p  between decon- 
v o l u t i o n  and d e r i v a t , i i a t i o n  i n  terms o f  t he  m u l t i p l i c a t i v e  opera t ion  
t h a t  corresponds t o  each i n  t h e  t ime domainC22,23>. Both opera t ions  
are  mathematical ly classed as f i l t e r  f unc t i ons  ( a l b e i t  negat ive  or  
"~ir~smoothiny" f i l t e r s  i n  t h i s  ins tance)  C24l. The prime u t i l i t y  o f  
both techni  ques i s  t o  accura te ly  measure c h a r a c t e r i s t i c  band 
frequenci.es wi thout t h e  human e r r a r  associated w i t h  l o c a t i n g  i n f l e c t -  
i o n  p o i n t s  and "shoulders" r e l i a b l y  and reproduc ib ly .  That goal i s  
achieved admirably i n  bo th  cases. It i s  now euch a simple task t h a t  
we can t u r n  i t  aver t o  the  s imple "mind" o f  t he  computer where the  
maxima i n  both curves a re  evaluated w i thout  human i n t e r v e n t i o n  or  b ias .  
Table 1 tabu la tes  the  band p o s i t i o n  f o r  our analyses compared t o  the  
r e s u l t s  o f  othersC25,26:.. These carbon-hydrogen s t r e t c h i n g  frequencies 
are  i d e a l l y  su i ted  t o  t e s t  our program s ince  they are r e l a t i v e l y  i m -  
mune t o  subs t i tuent  and environmental effectsC251. 

Quan t i t a t i ve  analyses requ i res  accurate eva lua t i on  o f  t he  i n t e n s i t y  
(he igh t ) ,  i n teg ra ted  area and/or band w id th  o f  t h e  bands associated 
w i t h  the  v i b r a t i o n  o f  each e n t i t y .  Th is  can be done most r e l i a b l y  by 
i t e r a t i v e  minimum l e a s t  squaresCl6,17> or  some r e l a t e d  technique i n  
which the  summation of t he  composite peaks most c l o s e l y  matches t h e  
experimental spectrum. The band p o s i t i o n s  from t h e  second d e r i v a t i v e  
and/or Four ie r  se l f -deconvo lu t ion  are  used as f i r s t  approximations and 
i n t e n s i t i e s  are est imated r a t i o m e t r i c a l l y  ( u t i l i z i n g  the  area conserva- 
t i o n  inherent  i n  deconvolut ion).  I n i t i a l  band widths are  tak:en t o  be 
the  optimum value (average) used i n  t h e  Four ie r  sel f -deconvolut ion.  
General ly the  i t e r a t i o n s  converge i n  6 t o  10 steps w i thout  divergence, 
which can oc:cur i f  i n i t i a l  est imates are  g ross l y  d i spa ra te  from t h e  
optimum value. Our r e s u l t s  are given i n  F igu re  5 where we no te  t h a t  
the  dev ia t i on  (upper l i n e )  i s  a t  o r  near- t he  s ig r ia l /no ise  r a t i o  of the  
e:.:perimental spectrum. When t h i s  casf? p r e v a i l s  (standard dev ia t i on  
approximately equals the  s igna l /no i se  r a t i o )  for- t he  converged i n t e r -  
a t i ons  the re  i s  no j u s t i f i c a t i o n  o f  f u r t h e r  deconvolut ion and/or 
i nco rpo ra t i on  of a d d i t i o n a l  bands i n  the  envelope. Conversely, mare 
s t r i n g e n t  deconvolut ion i s  no t  warranted i f  t h e  standard dev ia t i on  i s  
not appreciably diminished toward the  s igna l / r io ise  r a t i o .  These 

7 coal  s t r u c t u r e  bands w i t h  Four ie r  s e l f  deconvolut ion o f  t h e i r  spectra.  
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. techniques are r e a d i l y  implemented w i t h  t h e  a i d  o f  today’s computers 
and we must be caut ious  t h a t  we do no t  abuse them by ta1::ing them 
beyond t h e i r  1 i m i  ts .  

The br-oad band due t o  t h e  oxygen-hydrogen streCching v i b r a t i o n s  i s  
seen t o  be composed o f  5 bands whose i n t e n s i t i e s  and widths are  given 
i n  F igu re  6. The p o s i t i o n s  and widths of these bands c l o s e l y  match 
those of Solomon e t .  a l .  Cb:.. Our spectrum i s  taken i n  vacuum (.00002 
t o r r )  and i s  a t r u e  vacuum spectrum as compared t o  t h e  purge s t a t e  
t h a t  i s  approached when a l k a l i  h a l i d e  p e l l e t s  a re  al lowed t o  e q u i l i -  
brate.  I t  i s  r e a d i l y  noted t h a t  t he  f i v e  f requencies a re  associat.ed 
w i t h  successively s t ronger  hydrogen bonding C27,28,29>. The r e l a t i v e  
s t rengths  are due t o  h igher  degrees o f  coo rd ina t i on  between t h a t  o f  a 
l i n e a r  bond t o  t h a t  o f  t h e  5 f o l d  i n t e r a c t i o n  o f  cubic Close packing 
of the  acceptor l i gands  o r ien ted  somewhat symmetr ical ly around the  
donor hydrogeri of t he  covalent phenol, a lcoho l ,  o r  a c i d i c  e n t i t i e s .  
In te rmed ia te  s t a t e s  correspond t o  lesser  i n t e r a c t i o n s  w i t h  hydrogen. 
Each band corresponds t o  increased 0-H 1 ength, decreased 0-H. . .O 
separat ion,  increased bandwidth, and enhanced e x t i n c t i o n  c o e f f i c i e n t  
i n  accordance w i t h  known behavior- of s i m i l a r  hydrogen bondinyC27-29). 
The importance i n  a good understanding o f  thes;e hydrogen bonds i s  
essen t ia l  t o  understanding the  s t r u c t u r e  and chemistry and s t r u c t u r e  
o f  coa ls  and r e l a t e d  ma te r ia l s .  More d e t a i l  w i l l  be g iven i n  t h e  o r a l  
present a t  i on. 

The u t i l i t y  of t h i s  computer aided ana lys i s  i s  q u i t e  ev ident  when 
app l ied  t o  the  lower frequency range (F igu re  8 )  where c l a s s i c a l  methods 
based on v i s ~ i a l  observa t ion  and operator judgement a re  f a r  from 
quan t i t a t i ve .  For example, t h e  carbonyl  bands a t  1843, 1760 and 1720 
cm-1 are  r e a d i l y  reso lved even i n  the  presence o f  the  very l a r g e  
aromatic peal:: a t  1608 cm-lC9l. More d e t a i l s  w i l l  be given i n  t h e  o r a l  
p resenta t ion  t o  no te  the  q u a n t i t a t i v e  aspects o f  ana lyz ing  successive 
spec t ra  t o  e luc ida te  t h e  mechanism of owi.dation o f  coa ls  and chars. 

CONCLUSIONS 
Modern spectrometers w i  t.h computer aided data aqiri s i  t . ion and proces- 
s ing  are very we l l  s u i t e d  t o  ob ta in  d i f f u s e  re f l ec tance  i n f r a r e d  
spec t ra  o f  coa ls  w i t h  a minimum t ime and e f f o r t  f o r  sample preparat ion.  
The spec t ra  a re  o f  h igh  c a l i b e r  and are  very comparable t o  the  best 
t ransmission spectra.  0uan t i t . a t i ve  data i s  obtained f o r  t he  reg ion  
penetrated by the  i n c i d e n t  beam. Depth p r o f i l i n g  i s  poss ib le  u t i l i z -  
i n g  t h i s  sur face  s e n s i t i v i t y  o f  the  DRIFT technique. L a t e r a l  scanning 
i s  a l s o  poss ib le  t o  a l l ow  m e  t o  eva lua te  the  he terogene i ty  and specie 
d i s t r i b u t i o n  i n  the  p lane o f  t he  surface. The u t i 1 i t . y  of DRIFT 
techniques, so we l l  recognized f o r  powdered coals,  cain be used on 
conso l ida ted  coa ls  and thus  measure and map chemistry and s t r u c t u r e  o f  
of t h e  o r i g i n a l  c o a l i , f i e d  mat.r ix. These s tud ies  are e a s i l y  e f f e c t e d  
under c o n t r o l l e d  environments t o  ma in ta in  coal  bed ccir id i t ions (h igh  
r e l a t i v e  humid i ty )  , generate i n e r t  atmospheres (n i t rogen  or  argon 
gas) induce and moriti o r  r e a c t  i o n s  (hydra t  ion/dehydr-at i  on , ox ida t i on  , 
hydrogenation, carbonat ion ,etc.  ) ,  o r  v i r t u a l l y  any combi,nation over a 
wide range of temperatures (77 k: t o  H 0 O  H )  and pressures (.OCiOCQ t o r r  
t o  2000 t o r r )  w i t h  o w  pr-eselit c e l l .  611 of t h e  s t ~ ~ d i e s  a re  e a s i l y  
made f r e e  of mat r i x  and supports normal ly used f o r  IF; s t ~ d i e s  of 
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so l i ds .  The h igh  q u a l i t y  of t he  spec t ra  a re  we l l  suit .ed t o  
quanti  ta t i . ve  analyses us iny  modern computer aided deconvolut ion and 
r e l a t e d  composite band eva lua t ion  techniques. We now can s t a r t  t o  
evaluate the  complex chemistry arid s t r u c t u r e  of coa ls  and r e l a t e d  
ma te r ia l s  and t o  f o l l o w  t h e  f a t e  of each and every specie as we ob ta in  
spectra under r e a l i s t i c  cond i t i ons  o f  c o a l i f i c a t i o n  and subsequent 
combustion or procesa;ing f o r  f u e l s  and feedstocks. 
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TABLE 1. VIBRATIONAL FREQUENCIES EVALUATED FOR KENTUCKY # 9 ( 5 8 )  COAL 
( f reqenc ies  tabu la ted  as wavenumbers, cm-1) 

Thi!a work Ref. 7 Ref 25---------- FIssi gnment 

305 1 

3017 

2958 2956 29t.2+/-1 a RCH3 

2925 2923 2925+/- 5 FIrCHJ k R2CH2 

2894 289 1 2900+/- 7 R3CH 

2870 2864 2872+/- 10 RCH3 & ArCH3 

2854 2849 2855+/-10 R2CH2 

2752 ----- 

SOS0+/-50 Ar-H 

3025+/-25 R2C=CHR k RCH-CHR 

----- 
----- 

2732+/- 12 RCHO 
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DRIFT SPECTRA: MODIFIED KENTUCKY NUMBER NINE 

WIVENUMBERS ISm*'l 

Figure  2. E f f e c t s  of Chemical and Physica l  Treatment of Kentucky 09 

I 

REFLECTANCE SPECTRA: SOLID KENTUCKY NUMBER NINE 

Figure  1. DRIFT Spectra l  V a r i a t i o n  f o r  Kentucky W9 
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iigure 5. Least Squares Composite Sum f o r  
Hydrocarbon (K958) 

Figure 4. Fourier Self-deconvolution of 
Hydrocarbon Spectrum (K958) 

f 

Figure 3. Second Derivative Analysis of Hydrocarbon 
Spectra (K958) 
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f i g u r e  R .  Least  Squares Composite Sum f o r  Low 
Frequency Bands (K958) 
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F i g u r e  7.  Hydrogen Bonded Hydroxyl Sequence V a r i a t i o n  (K958) 

F i g u r e  6.  Least  Squares Composite Sum for  Hydroxyl Bands (K958) 
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